Doppler-free Yb Spectroscopy with Fluorescence Spot Technique 
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We demonstrate a simple technique to measure the resonant frequency of the 398.9 nm ^5*0 ^ ^Pi 
transition for the different Yb isotopes. The technique, that works by observing and ahgning 
fluorescence spots, has enabled us to measure transition frequencies and isotope shifts with an 
accuracy of 60 MHz. We provide wavelength measurements for the transition that differ from 
previously published work. Our technique also allows for the determination of Doppler shifted 
transition frequencies for photoionisation experiments when the atomic beam and laser beam are 
not perpendicular and furthermore allows us to determine the average velocity of the atoms along 
the direction of atomic beam. 



PACS numbers: 37.10.Ty, 32.80.Fb, 32.30.Jc, 06.30.Ft 
I. INTRODUCTION 



Ytterbium, both atomic and singly ionised, is an ele- 
ment widely used in experiments involving trapped atoms 
and ions, such as laser cooling and trapping of neu- 
tral atoms and ions p14T2]. atomic clocks [13-16 , fre- 
quency standards [TTHIO], quantum computing experi- 
ments [21, 22^, quantum optics [23] and atomic parity 
non-conservation experiments [24]. Knowledge of the 
^5*0 Pi transition line in atomic Yb and correspond- 
ing frequency shifts for the stable isotopes is very impor- 
tant in these experiments as they allow for laser cooling 
and isotope selective photoionisation [201 122 1 125H27] . Var- 
ious methods have been used to investigate these transi- 
tions, and corresponding isotope shifts [28-32 . 
We present our measurements of the ytterbium ^5'o ^ 
^Pi transition frequencies which differ from previously 
published results [29 . Using a simple method based upon 
observing and aligning fluorescence spots of atomic Yb 
generated from an atomic oven in an evacuated glass bel- 
jar we have measured resonant transition frequencies and 
isotope shifts to an accuracy of 60 MHz. Our results are 
compared to the results obtained using saturation ab- 
sorption spectroscopy and were further verified by ionis- 
ing and trapping Yb ions. 

The advantage of our technique is that it can be used to 
determine resonance frequencies when the atomic beam 
is not necessarily perpendicular to the propagation of the 
laser, which can be the case in many experiments. These 
Doppler shifts also depend on the mean velocity of the 
atomic beam, so the measurement is quite useful. Using 
our technique we were able to measure the Doppler shift 
of the transition frequency under a range of angles and 
then derive average velocity of atoms along the direction 
of atomic beam. 
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II. EXPERIMENTAL SETUP 



To drive the ^Sq ^ ^Pi 399 nm dipole transition an in- 
expensive in-house built ultra violet external cavity diode 
laser (ECDL) was used. The ECDL was formed with a 
laser diode (frequency selected to 399 nm, Sanyo diode: 
DL-4146-301S) and a diffraction grating (Newport: 53- 
*-240R) positioned in the Littrow configuration. A piezo 
electric actuator was used to adjust the angle of the grat- 
ing and thus tuning of the emission wavelength. To sta- 
bilise the emission wavelength a High Finesse wavelength 
meter (WS-07, with specified wavelength accuracy of 60 
MHz) and NI-DAQ cards operating under lab VIEW real 
time were used. The wavemeter is calibrated using a 780 
nm laser which is locked to within 1 MHz of the ^^Rb 
D2 hue. It measures the wavelength of the ECDL and 
sends the information to a lab VIEW program, via a NI- 
DAQ Card (NA-6143). The program determines a drift 
in wavelength and generates the corresponding error sig- 
nal to keep the laser stable. 

To perform saturation spectroscopy on the ^ ^Pi 
399 nm isotope transitions the ECDL frequency was re- 
quired to scan over a range of 3 GHz. However, adjust- 
ment of the grating angle alone in the ECDL resulted in 
a mode hop free tuning range of only 800 MHz. To over- 
come this the piezo voltage and laser diode current were 
adjusted simultaneously to produce a mode hop free tun- 
ing range of over 5.5 GHz. For our technique an atomic 
flux propagating in a known direction was required as 
this enabled localised fluorescence spots that could be be 
spatially resolved. To generate the Yb atomic beam a 
resistivly heated stainless steel oven tube (2 cm long and 
1.5 mm diameter) was used. A small piece of natural Yb 
was placed inside the oven and Yb atomic beam could be 
obtained by running an electric current of 5 to 6 amperes 
over the oven. The atomic oven was placed inside a vac- 
uum chamber maintained at a pressure on the order of 
10"^ torr. 
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Figure 1: Schematic diagram (a) shows the counter propagat- 
ing laser beams crossing the atomic beam and (b) shows the 
direction of laser beams and TV-camera setup. 



III. FLUORESCENCE SPOT TECHNIQUE 

We have devised a simple method that works by ob- 
serving fluorescence spots produced by laser-atom inter- 
action at resonant wavelengths. The experimental setup 
for our spot method can be seen in figure [l] here two 
pairs of non-overlapping counter propagating laser beams 
(each with an intensity of approximately 4.5 mWcm~^) 
are passed through an atomic beam. For orientation the 
cylindrical axis of the oven tube is considered as the ref- 
erence axis and the lasers are aligned perpendicular to 
this reference axis unless otherwise stated. 

The atoms from the oven interact with the four laser 
beams producing 4 fluorescence spots. In the frame of 
reference of laser beam propagation each laser interacts 
with atoms of the same velocity group. When viewed in 
the laboratory frame the four spots are seen to be mis- 
aligned when the frequency is detuned from resonance, 
but when on resonance the four spots are seen to align 
perpendicular to the propagation of the laser beams. In 
this situation each laser is interacting with atoms of zero 
velocity perpendicular to the atomic beam. Spot align- 
ment can be seen in figure [5] where |2|b) corresponds to 
when the laser frequency is on resonance and |2|a) / (c) 
corresponds to when the laser frequency is detuned -20 
MHz/+20 MHz from resonance respectively. This phe- 
nomenon occurs irrespective of the angle between the 
cylindrical axis of the ovens and the laser beams, which 
is discussed later. 

In order to obtain the ^ ^Pi transition fre- 
quencies, the frequency of the 399 nm laser diode was 
scanned slowly over 3 GHz. During the scan the flo- 
rescence spots were imaged using an inexpensive CCD 
camera setup. After narrowing down the scanning range, 
the frequencies of the transitions of the different isotopes 
were individually measured by aligning the four spots in 
a straight line with the cylindrical axis of the atomic 
oven. This is shown in figure [2] We have measured 
the frequency of the ^^^Yb^5'o ^ ^Pi transition to be 
751.52665 THz ±60 MHz which disagrees with a previ- 
ously published value 751.525987761 THz ±60 kHz [29] 
by approximately 670 MHz. Das et al. [29 relied in their 



Figure 2: Illustration of the resolution of the spectroscopy 
method. Pictures show the atomic ovens and fluorescence 
spots where the laser beams intersect the atomic beam taken, 
(b) on resonance, (a)-20MHz and (c)±20MHz detuning. 

measurement on the stated accuracy of 20 MHz of a home 
built wavemeter and we speculate that the uncertainty of 
that wavemeter had been larger than anticipated by the 
authors. Our measurement differs from the NIST Atomic 
Spectra Database [33 by 260 MHz, which lists the en- 
ergy of the Yb ^Pi level at 25068.222 cm-^ (751.52639 
THz). Closer examining this discrepancy, the database 
lists Meggers et al. [28 as the most recent source of their 
data. However, Meggers et al. [28 lists the level energy 
at 25068.227 cm-^ (751.52654 THz) which is only 110 
MHz away from our measurement, pointing to a pos- 
sible typographical error on the NIST Atomic Spectra 
Database. Considering that Meggers et al. [28j used 
a natural mixture of Yb isotopes, their result is consis- 
tent with our measurement. We also note that the result 
by Meggers et al. [28 shows an expected 550 MHz dis- 
crepancy with the measurement by Das et al. [29]. Us- 
ing our measurements the isotope shifts relative to the 
^^^Yb ^ ^Pi transition were then calculated. Our 
results are shown in Table: [T| along with recently pub- 
lished results. The frequency shift between the ^'^^Yb 
^ ^Pi, ^^^Yb ^Sq{F = 1/2) ^ iPi(F = 3/2), and 
^^^Yb ^Sq{F = 1/2) ^ iPi(F = 7/2) transitions is 55 
MHz, while the separation between the ^^^Yb ^ ^Pi 
and the ^^^Yb ^Sq{F = 1/2) ^ ^Pi(P = 1/2) transitions 
is 38 MHz [29 . These close transitions result in overlap- 
ping of the fluorescence spots and cannot be resolved by 
spot method. The isotope shifts data presented in Ta- 
ble: |l]for the Yb ^ ^Pi transitions are in very good 
agreement with previously published work [271 l29ti3T] . 

Error analysis 

To determine the resonant frequencies and isotope 
shifts we used the WS7 wavemeter from High Finesse 
(specified to 60 MHz accuracy). The wavemeter is cali- 
brated using a 780 nm laser which is locked to within 1 
MHz of the ^'^Rb D2 hue. A He-Ne laser (SIOS SL02/1 
calibrated to 1 MHz) was then used to provide confir- 
mation of the calibration. A further two point check 
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Table I: The frequency shifts for the various isotopes of Yb from the ^^^Yb ^5*0 ^ ^Pi transition hne. The values are obtained 
from the fluorescence spot technique and compared with the previous published work. 
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was performed to ensure calibration in the ultra violet 
frequency range. Using our frequency doubling system, 
that converts 739 nm light into 369 nm, we measured 
the two wavelengths simultaneously and confirmed the 
wavemeter to operate within specifications. The waveme- 
ter was calibrated before and after measurements and 
no change in calibration measurements were observed. 
The wavemeter is specified to have an accuracy of 60 
MHz for absolute frequency measurements, but is more 
accurate for relative frequency measurements of closely 
spaced transitions. For the 399 nm transitions, the rela- 
tive accuracy is translated to be 20 MHz. Therefore the 
error on transition frequencies is 60 MHz and the error 
on isotope shifts is 30 MHz. However due to the actual 
line width of 20 MHz of these transitions and resulting 
overlap of some transition lines, isotope shift could not 
be resolved better than 60 MHz. 

Other sources of error include non-parallel alignment of 
the lasers where beam misalignment of 1 degree related 
to 15 MHz error on wavelengths. As the technique can 
resolve a 20 MHz detuning from resonance it was pos- 
sible to align the lasers to better than 1 degree as mis- 
alignment would result in a visible deviation of the spots. 
Power broadening of the transition line was insignificant 
as each beam was less than 4.5 ± 0.9 mWcm~^ whereas 
the saturation intensity of the transition is 60 mWcm~^, 
which translates to a 3 MHz linewidth broadening. The 
potential resolution of the technique can be seen from fig- 
ure [2] where the frequency of the laser has been detuned 
from (b) resonance by (a)-20 MHz and (c)±20 MHz. The 
separation from the front of the oven to the furthest spot 
is approximately 22 mm, and by observing spot misalign- 
ment at a given detuning we extrapolate that the reso- 
lution of the technique can be 10 MHz in this particular 
setup. 



IV. SATURATION ABSORPTION 
SPECTROSCOPY 

To provide a comparison for the transition frequencies 
and isotope shifts obtained by our spot method, a typ- 
ical saturation absorption spectroscopy experiment was 
set up. The saturation spectroscopy setup consisted of a 
pump and probe beam (127 mWcm~^ and 2 mWcm~^ re- 
spectively) counter propagating and overlapping through 
ytterbium atomic beam. By scanning the wavelength of 
the external cavity diode laser the saturation plot shown 
in figure |3] was produced. The light gray line represents 
the Doppler background, which was obtained by scanning 
the wavelength but blocking the pump beam. With the 
pump beam included the dark trace was produced. Sat- 
uration peaks for different isotopes can be seen at label 
1, 2, 3 and 4 on the graph and corresponding frequen- 
cies are listed in table: [IT] and compared with the results 
obtained with the spot method. It can be seen that the 




V = 751525140 MHz Frequency (MHz) 



Figure 3: ^So ^ '^Pi transition peaks for different isotopes 
of Yb obtained with saturation absorption spectroscopy. The 
transitions corresponding to labels 1 to 4 are shown in Table 
\n\ The dashed line represents the Doppler background. 
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results obtained from the saturation spectroscopy are in 
good agreement with the results from our fluorescence 
spot method. However the signal to noise ratio using the 
saturation spectroscopy setup is poor compare to spot 
method. Further to this, saturation spectroscopy can 
only be used to determine the resonant transition fre- 
quencies but not Doppler shifted transition frequencies 
in non-perpendicular laser-atomic beam configurations 
which can be useful in ion trap experiments. 

V. DOPPLER SHIFTED FREQUENCY 
MEASUREMENTS 

In the previous section the atomic motion was perpen- 
dicular to the laser beam propagation when measuring 
resonant transition frequencies. However, in many ex- 
periments the atomic motion is not necessarily perpen- 
dicular to the laser beams. In this situation a component 
of the velocity of the atoms is parallel (or anti parallel) 
to the laser beam and the frequency of the resonance 
line becomes Doppler shifted and this Doppler shift de- 
pends on the temperature of the atomic oven. Using our 
method these Doppler shifted transition frequencies can 
be measured and average velocity of the atoms in the di- 
rection of the reference axis and oven temperature can 
be determined. 

As described earlier when the frequency is detuned 
from the doppler free resonance two pairs of spots move 
in opposite directions, relating to the pairs of counter- 
propagating laser beams. To measure the doppler shifted 
wavelengths the earlier setup was adjusted by rotating 
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Figure 4: Illustration of the counter propagating laser beam 
pairs making an angle with atomic beam. Laser beam pair (2 
and 4) makes an acute angle a and pair (1 and 3) makes an 
obtuse angle /S with the reference axis. To align the pair of 
spots with the reference axis, laser frequency is blue detuned 
in (a) and red detuned in (c). In (b) both spot pairs are 
aligned (but not with the reference axis) when the frequency 
is at resonance. 



the oven to form an angle with the lasers. This pro- 
vided maximum atomic fiux for the desired angle, while 
the cylindrical axis of the atomic oven offered a reference 
axis to which the spots could be aligned. This scheme is 
illustrated in figure: [4j Here the direction of propagation 
of the laser beams must be taken into account because 
one pair of the laser beams (2 and 4) makes an acute 
angle a while the other pair (beam 1 and 3) forms an 
obtuse angle /3 with the reference axis. In both cases the 
magnitude of the angular difference from 90^ (and hence 
the frequency shift) is the same, but the sign is differ- 
ent. To align a pair of spots to the reference axis the 
laser frequency was detuned from resonance by a certain 
amount. Blue detuning the laser frequency causes fiuo- 
rescence spots (corresponding to lasers 2 and 4) to align 
to the reference axis, while red detuning causes fiuores- 
cence spots (from lasers 1 and 3) to align to the refer- 
ence axis. Figure: [5] demonstrates these Doppler shifted 
resonance spots when the angle between laser and the 
atomic beam is (a) a = 70^ and (c) P = 110^. A par- 
ticular advantage of the spot method can be realised in 
figure: [sjb), that when on resonance the four spots form 
a line perpendicular to the laser beams. This allows for 
the resonant transition frequency to be measured inde- 
pendent of the angle between the laser beam and atomic 
beam. The Doppler shift on the resonance frequency de- 
pends on the velocity component, of the atoms, parallel 
(or anti parallel) to the propagation of the lasers, which 
is dependant upon the cosine of the angle 6 between the 
atomic motion and the propagation of laser. Therefore 
the frequency shift. A/, is given by 13^ 

Af=^vcosO (1) 

where / is the Doppler free transition frequency, c is 
the speed of light, v is the mean velocity of the atoms 
along the direction of reference axis and is the angle 




Figure 5: Pictures show the atomic oven and fluorescence 
spots where the laser beams intersect the reference axis at 
(a) 70^^ and (c) llO'^. (b) also demonstrates the non-Doppler 
shifted resonance where the spots align perpendicular to the 
laser beams, as seen in the fluorescence spot technique 
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Table II: The absolute frequencies for ^5*0 ^ ^Pi transition line of Yb isotopes obtained by saturation spectroscopy and the 
spot technique 
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Figure 6: Doppler frequency shift in ^5*0 ^ transition 
of ^^^Yb as a function of angle between the laser beams and 
atomic beam 



between the atom motion and laser beam. The vcosO 
term represents the mean velocity component parallel to 
the laser beam. 

The reference axis was rotated to make angles of 63, 70, 
75 and 80 degrees with one pair of lasers, and hence 117, 
110, 105 and 100 degrees with the other pair of lasers. We 
measured the Doppler shifted frequencies, when the spots 
aligned with the reference axis, and our measurements of 
these frequencies are shown in figure |6] Equation [l] was 
fitted to the data and enables us to derive the average 
velocity of the atoms in the direction of atomic beam. 
Using our data we have determined the average atomic 
velocity to be 260± 20 ms~^ and therefore the tempera- 
ture of the atomic beam can be estimated. 
Using frequencies measured from our technique we were 
able to photoionise and trap Yb+ isotopes in an ion trap- 
ping experiment [35 . To ionise a Yb atom a 399 nm pho- 
ton is required to drive the ^5*0 ^ ^Pi transition where 
a further 369 nm photon excites an electron past the 
continuum [22l [g^ . In the ion trapping experiment the 
atomic oven and 399 nm laser made an angle of 63±2^. 
We were able to verify the resonance frequencies for the 
■'^S'o ^ ^Pi transitions by photoionisation of different Yb 
isotopes. 



VI. CONCLUSION 

We have demonstrated a simple technique to deter- 
mine the resonant transition frequencies and isotope 
shifts, of the 398.91 nm ^Sq ^ ^Pi transition, for 
different stable Yb isotopes. We present new values 
for the resonant frequencies that differ from previously 
published work [29 . Saturation absorption spectroscopy 
was also performed and the frequencies measured were 
in good agreement to those obtained via our florescence 
spot method. The fluorescence spot method has an 
advantage over absorption saturation spectroscopy as 
the former method is easier in setup and provides larger 
signal to noise ratio. By small modifications to the 
setup, the fluorescence spot method can also be used 
to measure the Doppler shifted transition frequencies 
that occur when the laser and the atomic beam are not 
perpendicular and allowing for predictions of transition 
frequencies in realistic ion trap setups. Furthermore, 
this technique allows us to derive the average thermal 
velocity of atoms in the direction of atomic beam. 
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